The elasmobranchs-sharks, rays, and skates-can detect very weak electric fields in their aqueous environment through a complex sensory system, the ampullae of Lorenzini. The ampullae are conducting tubes that connect the surface of the animal to its interior. In the presence of an electric field, the potential of the surface of the animal will differ from that of the interior and that potential is applied across the apical membrane of the special sensory cells that line the ampullae. The firing rate of the afferent neurons that transmit signals from the ampullae has been shown to vary with that potential. We show that those firing rates can be described quantitatively in terms of synchronous firing of the sensory cells that feed the neurons. We demonstrate that such synchronism follows naturally from a hypothetical weak cell-to-cell interaction that results in a self-organization of the sensory cells. Moreover, the pulse rates of those cells-and the neurons that service the cells-can be expected to vary with the imposed electric fields in accord with measured values through actions of voltage gated transmembrane proteins in the apical sector of the cell membranes that admit Ca ϩϩ ions. We also present a more conjectural model of signal processing at the neuron level that could exploit small differences in firing rates of nerve fibers servicing different ampullae to send an unambiguous signal to the central nervous system of the animal. © 1998 American Institute of Physics. ͓S1054-1500͑98͒02003-5͔
I. INTRODUCTION
The elasmobranchs, sharks, skates, and rays, are able to detect electric fields through their special sensory systems, 1 the ampullae of Lorenzini, which extend over much of the forward section of the fish. In a series of elegant experiments, Kalmijn 2,3 has shown that sharks appear to be able to detect external electric fields as small as 0.5 V/m through these systems. The ampullae are considered to be variants of the lateral line organs found in all aquatic vertebrates and phylogenetically related to the auditory systems of mammals. Similarly, the sensory cells lining the ampullae are presumably variants of the neuromasts of the lateral line organs and related to the auditory hair cells of mammals. 4 Murray 1, 5 has shown that the resting firing rate of afferent nerve fibers serving the ampullae is modulated by electrical stimuli. More recently, Lu and Fishman 6 have measured the firing rate of single afferent nerve fibers from the ampullae of skates. These firing rates increase with the imposition of very small positive ͑depolarizing͒ potentials across the apical membranes of sensory cells lining the ampullae, the part of the cell membrane intruding into the ampullae channel. We show here that the voltage pulses generated by the nerve fiber can be understood to follow from voltage pulses generated by the sensory cells where the variation of the firing rate of the cells with the magnitude of the applied potential follows naturally from the description of electric field effects on voltage gated transmembrane proteins we have considered 7 previously.
A. Focusing of the electric field
For an elasmobranch in saltwater, Pickard 8 has shown that, in the presence of an exogenous electric field with a value E in the absence of the fish, the potential difference between the center of a fish with a radius a of the body section and poles on the exterior of the fish, as shown in Fig.  1 , can be taken as
͑1͒
where e Ϸ5 S/m is the conductivity of seawater and i Ϸ1 S/m is the conductivity of the fish. In this approximation, the resistance of the skin can be neglected for the saltwater elasmobranchs. Moreover, if the field is directed across the fish, as shown in Fig. 1 , the potential drop from the opposing poles to the center of the fish have opposite signs. Hence the potential difference between the interior of the fish and the water induced by an electric field in the water, E w , generated, perhaps, in the course of the heartbeat of a prey fish, will be ⌬V shark Ϸ3E w a/2. The shark exploits this potential difference between its center and the external seawater by applying this whole potential difference across the cell membrane of receptor cells 8 that line a set of a few hundred ampulla organs. For those cells, ⌬V mem Ϸ⌬V shark , and with the field directed as shown in Fig. 1 , the difference between the potentials across the membranes of the sensory cells lining the ampullae associated with different sides of the fish is about 2 ⌬V mem Ϸ3aE w .
B. The ampullae
An ampulla organ consists of an assembly of the order of ten ampullae where each ampulla consists of a tubular channel about 1 mm in diameter that extends, typically, 20 cm into the interior of the larger fish and is lined at the deeper end, where the potential difference is greatest, with several thousand sensory cells. The lumenal channel, filled with jelly with about the same conductance as seawater, and with resistive walls, 9 acts as a transmission cable for the electric signal. Moreover, the capacitance of the channel walls is sufficiently large so as to pass all but the lowest frequency signals. 8 Each sensory cell has a highly resistive apical membrane surface protruding into the channel face. This apical membrane connects electrically to the exterior of the fish through the channel while the relatively conductive basal membrane connects to the interior of the animal. 10, 11 Thus the bulk of the voltage drop from the seawater to the center of the shark falls across each apical membrane. 8 , 11 Here, we consider the noise limits on the processing of the signal imposed on the apical membrane through the general model of the biological effects of weak extremely low frequency ͑ELF͒ electromagnetic field described previously. 7 In Fig. 1 , the potential in the ampullae channel to the left is less than the potential at the center of the fish hence the potential drop across the membrane of the cells in the left-hand ampullae is positive, ⌬V mem Ͼ0.
II. VOLTAGE GATING ION TRANSMISSION IN THE SENSORY CELLS
We assume that the small positive incremental depolarization drop across the sensory cell membrane acts to alter the conformation of a fraction of membrane-spanning polypeptide channels ͑voltage gated Ca ϩϩ T-channels͒ so that they are in conducting states and permit selective influx of extracellular Ca ϩϩ ions, 12 thereby further depolarizing the cell. 13, 14 The gates are believed to govern passive transport; the Ca ϩϩ ions are driven across the membrane by the Nernst potential difference of about 125 mV, which follows from the much larger Ca ϩϩ ion concentration in the ampulla jelly exterior to the apical membrane than in the interior of the cell, as well as by the transmembrane electrical potential difference of about Ϫ70 mV.
The proportion of open channels will increase with an increasing positive potential or decreasing negative polarization. Hence the increase in Ca ϩϩ ions in the cell will increase the potential of the cytoplasm and, thus increase the incremental positive potential difference from the lumenal region across the cell membrane which will, in turn, generate a further increase in the number of open channels and thus an increase in the Ca ϩϩ flux. ͑The very small proportional increase in the interior calcium ion concentration should not, in itself through an increase in Ca ϩϩ concentration, materially affect the current through the open channel.͒ This positive feedback, or negative resistance, leads in time to a catastrophic influx of ions and the complete depolarization of the cell, a positive voltage pulse of the kind commonly observed in nerve cells. After such a pulse the cell recovers quickly to its initial state through the efflux of K ϩ ions through voltage gated K-channels and Ca ϩϩ gated K-channels 10, 15 largely in the basal membrane. Hence the cell will generate a series of pulses where the frequency can be expected to increase with increasing signal voltage. Moreover, with the imposition of a positive voltage across the apical membrane, over time, there will be a net transfer of positive ions from the lumena channel to the interior of the fish defining the negative resistance that Lu and Fishman 6 observed. As a consequence of thermal fluctuations, a portion of the channels in the membrane will be open in the absence of an electric field signal and there will a nonzero flux of Ca ϩϩ ions into the cell when there is no signal as well as flow from K ϩ and Na ϩ channels, and Ca ϩϩ dependent Cl Ϫ channels. However, since the cell must, over time, maintain its cytoplasmic ion concentration within acceptable limits, there exist mechanisms for sequestering ions within the cell and ion pumps that use the energy from Adenosine triphosphate ͑ATP͒ hydrolysis to pump various ions across the cell membrane against their electrochemical gradients. 13 In effect, there is a ''dark current'' of ion influx and efflux that will manifest statistical ''shot-noise'' fluctuations which contribute a stochastic component to the cell's normal resting potential. In the absence of the applied field, the average efflux of Ca ϩϩ from the cell must counterbalance the average influx;
for UϭU 0 , J out ϭJ in . This efflux cannot be passive; an estimate using the Goldman-Hodgkins-Katz model 17 of passive ion flow and an estimate of the Ca ϩϩ ion concentration in the cell cytoplasm of 10-100 nM and an external concentration of that of seawater of about 20 mM would suggest that the passive efflux will be less than 0.5% of the passive influx. Thus essentially all of the efflux must be obtained by metabolically driven pumps. In the presence of the applied field, the rate of entry of Ca ϩϩ into the cell will be increased and the concentration of Ca ϩϩ in the cell will increase by a few nM per mV of potential increase. However, we consider that increase is not so great as to change the outflow rate J out significantly over the characteristic pulse times that are less than 0.1 s and that the response of the other ion pumps, which effectively set the resting potential, to potential changes of a few mV is also slow. Indeed, Murray 5 noted that under a constant stimulus, the increased firing rate of the receptor fell back to the base rate in about 5 s but the receptor was still sensitive to a further increase in the stimulus. This is consistent with the view that the pumps responded to the constant stimulus by increasing their rate, with a time constant of about 5 s, to reset the effective zero of the sensory system. When the energy U 0 is thus perturbed, J in will be modified and a mean net current, J s , will be generated such that,
An expansion in powers of W/k B T,
provides insight into the character of the effect for WӶk B T, which is the case except during the final few milliseconds of the catastrophic depolarization of the cell. Writing the imposed membrane potential, as ⌬V m ϭ⌬V shark , the interaction energy wϷ⌬V m Qe. Then for a signal ⌬V, over a period ⌬, the number of ions that transfer across a cell membrane will be M s ϭJ s ⌬. ͑7͒
A. Noise
There are two dominant sources of stochastic variation, or noise, in the number of transmitted ions. We can expect ''shot noise'' statistical variations in the number of ions transmitted through the channels and we can expect that the ion current will fluctuate as a consequence of random variations in the number of open channels.
Aside from the relations of Eqs. ͑5͒-͑7͒, which describe the mean current, there will be shot noise fluctuations, (t), that will generate a noise current contribution,
over the interval, ⌬, that will be distributed normally with a mean of zero and a standard deviation of
Taking J max ϭ7.1ϫ10 7 ions per second and U 0 ϭ5.6 k B T, values discussed more fully later, then for a time ⌬ϭ1 ms, (M n )Ϸ230 ions.
The variation of the number of ions passed in a time ⌬Ј is also affected by the variation in the number of open channels, K open . Over any sufficiently short time ⌬Ј, the varia- 
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For times ⌬Ј that are as large as 2 ms, only the total ion transfer over that period is relevant. Then for values of k Ϸ2 s
Ϫ1
, the values of the parameters described above and K tot ϭ4500 as discussed later, (M n Ј)Ϸ185 ions and the channel rearrangement noise is of the same magnitude as the shot noise.
Somewhat arbitrarily we doubled the contribution of the calcium shot noise, expressed in Eqs. ͑8͒ and ͑9͒, to take account other contributions to the noise. The results of the calculations are not sensitive to variances in that noise of the order of a factor of 2 or so but that noise must not be greatly in excess of the shot noise.
In this discussion, which is directed towards the characteristics of single sensory cells, we do not include effects of the biological variation of cell characteristics but that variation will affect the collective effects considered later.
B. Feedback
The incremental charge conveyed across the membrane in the time ⌬ will, in turn, generate a feedback potential
where C m is the transmembrane capacitance and the charge of the ion is 2e. Taking the cell as spherical with a radius of r cell , C m Ϸ(4K⑀ 0 r cell 2 )/d m , where d m Ϸ7 nm is the thickness and KϷ6 is the dielectric constant of the membrane, for rϭ20 m, C m Ϸ38 pF. The sensitivity of the system follows from the amplifications that follow from this positive feedback.
In this model, the current nominally depends only upon the number of open channels and is, otherwise, independent of the transmembrane potential. Since the Nernst potential difference, Ͼ125 mV, is so large, this seems likely to be a good approximation for changes in the membrane potential that are smaller than 10 mV and all of the results of the calculations that connect with observations are determined largely by smaller potential excursions.
C. Charge leakage
Even as the incremental charge deposited in the cell raises the internal potential of the cell, that charge will tend to leak out through the conductivity of the membrane with a time constant, dca ϭc mem mem where c mem Ϸ0.008 F/m 2 is the capacitance per unit area and mem is the resistance per unit area of the membrane. Since the conductance of the membrane is almost wholly the consequence of ion currents through protein pores in the membrane, that conductance and the time constant mem , can vary widely. In our calculations we assume implicitly that the conductance is small enough to be ignored and mem →ϱ. By specific calculations, we were able to show that our results were not changed significantly if we took mem ϭ20 ms and compensated the leakage by an increase of 40% in the current, J max .
D. The Langevin equation
Adding a fluctuation term Ј(t), to the basic relation of Eq. ͑5͒, as expanded to first order ͓Eq. ͑6͔͒, we can write the time evolution of the ion transfer in the form of a Langevin equation,
Here M is the number of ions moving across the membrane to the interior of the cell and W is the energy supplied by the field. The ''force term'' coefficients ␣ and ␥ and the ''viscosity term'' ␤ are expressed in detail in Eqs. ͑6͒-͑12͒. The function (t) represents the stochastic fluctuations. Thus the equation describing the transfer of ions M into the cell is similar to that describing the displacement M of a particle in a viscous medium as a one-dimensional random walk in the presence of a repulsive force, ␣M , proportional to the displacement and a drift force ␥W pushing the particle in the positive direction.
III. FIRING OF DEPOLARIZING PULSES BY SENSORY CELLS
The set of equations, Eqs. ͑5͒-͑12͒, for an interval ⌬, as iterated, defines the variation of the transmembrane potential as a function of time for modest excursions of that potential from the resting value of about Ϫ70 mV. Here we assume that the value of the rate constant, does not change significantly in the course of the evolution of the state of the cell. This is probably a good approximation except during the brief depolarizing pulse. During the pulse, the Ca ϩϩ ion concentration in the cell, ͓Ca ϩϩ ͔ in , will increase sharply thus reducing the negative potential of the cell, V m . The consequent reduction in the electrochemical energy, k B T log(͓Ca ϩϩ ͔ ext /͓Ca ϩϩ ͔ in )Ϫ2eV m where ͓Ca ϩϩ ͔ ext is the external ion concentration that drives the influx of ions and ͓Ca ϩϩ ͔ in is the concentration in the interior of the cell, may modify the shape of the pulse as it limits the pulse amplitude. Also, when the depolarization voltage has reached a value of a few mV, the Na ϩ influx may play a role. But such modifications of the pulse evolution will not change the pulse frequency significantly; that frequency is set by the initial Ca ϩϩ influx. Our calculations of the time variation of the potential, where important elements vary stochastically, were made using Monte Carlo techniques. For those calculations, we chose an apical cell surface, Aϭr cell 2 Ϸ1250 (m) 2 where r cell ϭ20 m, a dipole moment ϭQd m eϭ1.12ϫ10
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Cm for a gating charge of Qϭ10, a value U 0 ϭ5.6 k B T giving a value of J max exp(ϪU 0 /k B T)Ϸ2.6ϫ10 7 ions per second, and a capacitance of 38 pF. The value of U 0 was chosen to generate a firing rate of the sensory cells of about 15 pulses per second, a rate about one-half of the afferent neuron firing rates measured by Lu and Fishman 6 which we discuss later. With these values of the salient parameters ͑which we also discuss later͒, the numerical calculations, made using an interval of ⌬ ϭ1/32 ms, show a variation of the potential with time of the form shown in Fig. 2 where, after each pulse, the potential is arbitrarily returned to the resting potential of about Ϫ70 mV through recovery mechanisms that are outside of the present considerations. In the evolution of the pulse, the calculated potential increases by approximately a factor of 2 during each period of 0.5 ms; a result that is in accord with the general character of nervecell depolarization pulses. ͑For ⌬ Ͻ1/2 ms, the results of the calculations were, properly, independent of the choice of ⌬.͒
The general characteristics of the voltage spike follow from the positive feedback and not from the shot-noise. Indeed, if current is considered as continuous rather than discrete ͑as if the fundamental unit of charge were infinitesimal͒ and the number of active channels is held constant, the character of the spike is not significantly changed.
With these parameters, the resistance of the apical membrane for small potential differences about the resting potential can be calculated as
͑14͒
While this result for one sensory cell cannot be compared directly with the negative resistance of Ϸ 1 M⍀ found for a whole ampulla organ by Lu and Fishman, 6 the values would seem qualitatively in accord.
A. Negative voltage excursions
From the expansion of the basic relation of Eq. ͑5͒ in powers of w/k B T as shown in Eq. ͑6͒, it is clear that for small values of w/k B T, the evolution of the potential drop will be symmetric with respect to positive and negative drifts. Hence if the external field is null, the potential is, initially, as likely to drift to negative values as positive. However, this will not lead to a catastrophically large negative voltage excursion as the second term in the expansion is always positive and contributes to a positive resistance and negative feedback for large negative values of w. However, the Monte Carlo calculations showed that in the base state, with no applied potential, nearly one-half of the time, the cell system would be trapped in a negative potential state. Thus, quickly, all cells would cease to be active.
Such a calculation assumes implicitly that there is an unlimited reservoir of Ca ϩϩ ions interior to the cell that will be pumped out when the inflow is cutoff by the application of the negative voltage but that concentration can reasonably be assumed to be small, perhaps of the order of 10 nM, and can be depleted if the inflow is reduced. At any rate, we assume that the Ca ϩϩ balance is maintained by pumps that are turned off when the ion concentration is much below the resting concentration and will not be turned on until the concentration is back to normal, which will happen quickly.
Hence we assume that at some negative incremental potential realized through a stochastic reduction in the influx, the efflux pumps turn off allowing the Ca ϩϩ concentration to recover as well as the potential affected by that concentration. In the following calculations, that critical point is taken, arbitrarily but reasonably, as V c ϭϪ2.5 mV.
Such a model treats positive and negative transmembrane voltage excursions asymmetrically, but that asymmetry is found in nature; neuron voltage pulses are positive. 
B. Numerical calculations of the firing rate
We believe that the values chosen for the parameters used to fit the single cell firing rate, and hence the neuron firing rate data are biologically plausible, and constrained by the requirement of plausibility. Moreover, the results depend on combinations of the parameters such that, effectively, the results are determined by the value of one such combination, the results largely depend upon but one parameter.
We comment on the choices of parameters that define the firing frequency of the individual sensory cells, and through the coupling to the neuron, the firing frequency of the nerve fiber:
͑a͒ Although the evaluation of the base current, J max , the number of singly charged ions entering the cell per second when all channels are open, is difficult, one can make useful estimates by considering the properties of the squid axon, a system that has been studied in detail. 18 For clarity, we consider an axon 0.02 m long with a radius of r a ϭ5ϫ10 Ϫ4 m. The capacitance of the axon will be about C a ϭ6.3ϫ10 Ϫ7 F and when the transmembrane voltage changes by ⌬Vϭ100 mV during an action potential in a time ⌬tϭ0.5 ms, a current of j m ϭC a ⌬V/⌬tϭ7.4ϫ10 14 6 Ca ϩϩ ions per second, there must be about 4500 Ca ϩϩ channels in the apical membrane or about 3.6 channels per (M) 2 , which is about a factor of 10 less than the normal density of Na and K channels in excitable membranes.
͑b͒ We can presume that evolution may have served to adjust the barrier height, U 0 to best serve the animal's purpose. A high barrier, greatly reduces noise, but at a cost to the signal sensitivity. Hille 13 estimates the probability of a channel being open in other nerve cells as P 0 р0.01, which, from Eq. ͑2͒, transforms to U 0 у4.4 k B T. Accepting that constraint, we choose U 0 ϭ5.7 k B T, a value chosen to fit the data 6 on the firing rate. With that value of U 0 , P 0 Ϸ0.0033. The conductance of the membrane for small voltages ⌬V Ͻ1 mV is then about 0.0033ϫ2.5ϫ10 9 ϫ2eQ/k B TϷ1 nS. This can be compared to the conductance about 0.1 nS found for single Ca ϩϩ channels in mammalian hair cells and a conductivity of about 5 nS for the synaptic region of the hair cell which can be considered to correspond to the apical region of the sensory cell membrane. 19 ͑c͒ The choice of the gating charge Qϭ10e is equivalent to choosing the dipole moment ϭQd m eϭ1.12ϫ10
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Cm. This is a large, but not unreasonably large, value, e.g., about seven times that of a hemoglobin molecule, but we can expect that evolution will tend to generate a large effective dipole moment for a sensitive sensory mechanism.
͑d͒ We have previously chosen r cell ϭ20 and a membrane thickness d m ϭ7 nm, hence a choice of Kϭ6 for the dielectric constant of the membrane leads to a membrane and, therefore, that combination, which is independent of the cell radius, almost wholly determines the response. Hence the salient character of the model is determined by but one effective parameter. Therefore while we must expect cell-tocell variations of firing rates, those variations might well be small. Moreover, firing rates are almost wholly determined by the current through the Ca-channels during the period when the transmembrane potential increases by 5 mV, the whole period excepting the last few milliseconds before the spike. Variations in the membrane and channel character after that time, including the possible opening of Na-channels, do not change firing rates much.
IV. THE SYNCHRONOUS FIRING OF SENSORY CELLS-SELF-ORGANIZATION
Clusin and Bennett 12 have shown that the sensory cells communicate with the afferent nerve serving the cells through the increase in the release of a neurotransmitter through synapses on the basal membrane of the cell that connects to the afferent nerve. Thus an increased firing rate of the sensory cells can be expected to generate an increase in the amount of neurotransmitter and that added chemical stimulus could lead generally to a general increased firing rate of the afferent nerve. Such a logic involves a change from digital information produced by the firing of the sensory cells to analog information in the form of the amount of neurotransmitter applied to the nerve, and then back to the digital information carried by the nerve fiber through the firing rate of the fiber.
Such a data-handling procedure seems unnecessarily complex, however, and we have therefore examined the hypothesis that an entirely digital process may be involved and that the digital information from the sensory cells is processed digitally by the afferent nerve system. In particular, we should expect the firing rate of the afferent nerve to reflect the firing rate of the sensory cells directly through some kind of summation of the synapse signals from those cells, but that would require synchronous firing of the primary cells. We show how such a synchronism might be generated.
V. THE CROSS COUPLING OF SENSORY CELLS-SELF-ORGANIZATION OF FIRING RATES
In our description, the sensory cells have been considered as independent detectors of very small voltage changes across their apical membranes. If this were the case, the afferent nerve could be expected to detect a set of pulses from the nerve cells that it services that are nearly randomly distributed in time and, hence, the firing rate of the nerve would not be strongly correlated with the firing rates of the sensory cells. However, detectors that are sensitive to potential differences that are only a few V are not likely to be completely insensitive to voltage pulses of 70 mV generated during the depolarization pulse of an adjacent cell. Specifically, the sensory cells are likely to be coupled electrically to some extent through capacitative and resistive connections and, perhaps, through gap junction interfaces.
To investigate the effects of small couplings between the cells, we considered that each cell a is coupled to its nearest neighbors b such that incremental voltage ⌬V a across cell membranes a can be written as
where N a is the excess number of Ca ϩϩ ions introduced into cell a and C a is the capacitance of the cell. This description varies from the single-cell description that we introduced in Eq. ͑12͒ by the addition of the cross-coupling terms ␣ ⌬V b for the neighboring cells, b.
Using Monte Carlo techniques again, we determined the distribution of pulse times for the total output of 36 identical cells laid out on a rectangular grid, as shown in Fig. 3 , on a torus manifold ͑so that boundary effects were eliminated͒. In this configuration, each cell was coupled to its four nearneighbors with a coupling strength of ␣. For simplicity, we chose to test identical cells where the parameters were set to generate pulse periods for each cell, in the absence of cross coupling, of about 70 ms.
As a consequence of this coupling, the cells organized themselves spontaneously into two groups, as shown in Fig.  3 , where, after an organization time of the order of a second, the members of each set fire synchronously and the sets fire alternatively. Figure 4͑a͒ shows the firing times of the 36 cells, coupled at a level of ␣ϭ0.0075, over a period of 0.25 s-2.0 s after an original condition where all cells fired synchronously. Figure 4͑b͒ shows the same information plotted as a continuum using a curve fitting program. If the cell takes in Ca ϩϩ ions from the lumen depolarizing the cell and then repolarizes by ejecting K ϩ ions into the cell, that are trapped in that cell forming a quasilayer of positive charge just inside of the epithelium, the potential difference across the ampullae epithelium can be expected to follow the voltage swings of the set of cells shown in the figure. Clusin and Bennett 12 ͑their Fig. 3͒ have observed such swings of an oscillatory nature across the epithelium. The frequency of oscillation they report, of about 20 per second, appears to differ from frequencies we fit to the data of Lu and Fishman 6 of about 35 per second but this may not be significant. We note that since our computation limitations were such as to limit the number of cells firing in each cycle to 18 in our simulation, our oscillations can be expected to be more irregular that those of Nature where many more cells are involved.
Even as the self-ordered coordinated pulsing of the different sensory cells simulates sinusoidal oscillations under plausible conditions, we can expect some level of a graded response from cells that do not respond to the coherent signals of adjacent cells. As a consequence of the biological diversity that can be expected among the different cells, some cells will have such different natural oscillation frequencies that they cannot be brought into synchronism with their neighbors. The pulses from these cells will then form an incoherent background to the coordinated pulsing of other cells that will simulate a graded response as measured by the potential difference across the epithelium.
Using the distributions of elapsed times between the pulses of each cell and one near-neighbor, chosen systematically, as a criteria of organization, Fig. 5 shows the degree of organization, as a function of the value of the coupling ␣. The organization is clearly discernible for ␣ϭ0.00375 and is nonexistent for ␣ϭ0; in that case the cells fire at random. If the cells are arranged roughly on a square lattice, the distribution into two sets of near-neighbors is obvious. For other regular configurations, the division is not necessarily unique, but a self-organizational division into two sets can usually be made.
A. The variation of the firing rate with transmembrane voltage
We now assume that firing of the afferent nerve that serves the sensory cells is initiated by the coherent firing of those sensory cells, and thus the nerve cells fire at twice the rate of the individual sensory cells. Therefore even as the firing rate of individual cells, and thus the alternating sets of neighboring cells, can be expected to increase with increasing positive ͑depolarizing͒ transmembrane potential, the rate of firing of the afferent nerve can be expected to vary with voltage. The solid points of Fig. 6 show the experimental results of Lu and Fishman on the firing rates of an afferent nerve serving sensory cells in a skate ampulla, while the solid line, calculated using the 36-cell model described above, shows the variation of firing rate of the two sets of cells ͑the inverse of the distribution of periods shown in Fig.  5͒ calculated from this model as a function of transmembrane voltage for the mixing parameter, ␣ϭ0.0075. ͑We note that this rate is twice that of an individual sensory cell.͒
We consider the fit of the theoretical calculations to the experimental data to be striking, especially since we note that fit is largely defined by but one effective parameter ͓ in Eq. ͑15͔͒ which largely determines the proportional rate ͑i.e., the abscissa scale in Fig. 6͒ .
Again, while the variation of the firing rate with the imposed potential is affected quantitatively by the noise, the basic character of that variation stems from the positive feedback. The variation of the frequency in the absence of noise ͑as for the case of infinitesimal fundamental charge͒ and in the absence of cell-to-cell coupling is also shown by the dotted line in Fig. 6 ͑here twice the frequency is plotted to facilitate comparison with the firing rates of groups of cells where two sets fire alternatively͒.
With noise or without, the increase of firing frequency with the increase of potential across the apical membrane saturates for added membrane potentials much greater than 150 V and the spike generation is suppressed for negative ͑lumen positive͒ potentials. Such effects were seen experimentally by Clusin and Bennett 20 and by Lu and Fishman. 6 Although the results for negative endogenous voltages depend upon the somewhat arbitrarily chosen value of V c , the variation of rate with the endogenous potential is insensitive to that value for potential variations of plus or minus a few V. For more positive potentials, the value of V c does not enter at all. Indeed, in general, the character of the restoration mechanism plays no substantial role in the determination of the firing rates for positive voltages. Figure 6 shows the results of calculations that demonstrate that the firing rate for a single sensory cell can be expected to vary by about 3%, or 1 pulse per second, for a change of 1 V in the apical transmembrane potential. This represents a change of about 3% in the period between pulses or about 1 ms in the period between the mean delivery time of pulses from the sets of neighboring cells if that time is 35 ms. The pulse-to-pulse variance for a single pair of neighboring cells, also shown in that figure, is about 30% of the period or about 10 ms. However, the variance of the firing of a cell with respect to the mean firing times of the set to which it does not belong will be about 7 ms, smaller by a factor of ͱ2. For a set of N cells, the random variance in the mean firing times will be reduced by ͱN and thus if the nerve serves as many as Nϭ100 cells, the variance will be but 1 ms or that equal to the signal of 1 V.
B. The variance in the periods
However, the pulse-to-pulse variance of 7 ms is repeated in the width of the pulse that feeds the afferent nerve even as that pulse is made up of the sum of pulses from the sensory cells though the variance in the central position of the pulse is less than 1 ms. This dispersion is reflected in the width of that summation pulse which can be seen in the distributions shown in Fig. 4 . If the afferent nerve is triggered by that summation pulse, it is plausible that the pulse-to-pulse variance in firing times of the nerve that result from random differences in the trigger level should be no greater than 1 ms. In that case, one set of sensory cells would generate a significant change in the firing rate of the afferent nerve for a change in the apical membrane potential of 1 V. If that variance were random, and the signal extends over a period of time, ⌬tϭm/, where is the frequency, m pulse-topulse periods will be observed reducing the variance in the pulse rate to ͱ1/m for large values of m.
In summary, we might reasonably expect that the variance in the pulses from an afferent nerve will be of the order of 1 ms. Variations in the firing periods for some 21 rays have been observed to be this small. It seems reasonable that such a variance will be reduced significantly when the outputs of many afferent nerves are integrated. If the reduction is only a factor of 4, the system could be sensitive to a change in apical potential of 0.25 V and a large shark could be sensitive to an external electrical field as small as 0.375 V/m.
C. Frequency dependence of the signal
If the electrical field signal to which the shark responds is to be effective, the duration of the signal must not be too much shorter than the pulse period of the afferent nerve. Moreover, a periodic sine-wave-like excitation with a frequency Ͼ30 Hz would generate alternative impulses that would tend to cancel if the central nerve system integrates over periods greater than 1/30 s. These factors, together with the limited bandwidth of the ampullae channel, suggest that the response of the system must fall off considerably for pulse frequencies greater than ϭ1/(2•0.035)Ϸ5 Hz.
D. Reorganization time constants
Since we are concerned with the detection of external electrical field signals that change sensory cell firing rates, the times required to modify the organized pulse train in response to the signal and the time required to return to the basic pulse repetition after the signal has passed are important. We did not succeed in working out well-defined criteria for the degree of organization nor well-defined processes that would allow a precise measure of such a criterion. However, some qualitative results emerged which are subjectively defined but which we feel are useful.
We note that self-organization of the cells is itself a stochastic process and, therefore, the time required to reach a steady state then varies. On the basis of our calculations, we estimate the mean time, org to go from an original organization of M Ͼ4 cells, where all cells are in synchronism, to the resultant self-organized system where two sets fire alternatively, with but a few aberrant cell firings, as approximately 0.25ͱM s for a value of the coupling to nearneighbors of ␣ϭ0.0075. For very large couplings the organization time is shorter, for very weak couplings it is longer. In detail, it seems that subgroups of a large set selforganize relatively quickly but the firing patterns of these subsets are not necessarily congruent and time is required for an overall conformation.
A change in period of all of the cells induced by an electric field signal affects the firing rates immediately and coherently, the organization is not disrupted. However, for signals that are short compared with the pulse period ͑of the order of 35 ms͒ of the set of cells the magnitude of the final signal will depend upon the relative timing of signal and the resting pulse pattern. Similarly, after the cessation of the signal, the resting organization and resting firing rates will resume immediately.
VI. SYNCHROISM OF THE CELLS OF DIFFERENT AMPULAE
Although a coupling between a set of near-neighbors is sufficient to generate a self-organization such that the set fires in a special synchrony, that synchrony is local and not especially related to the similar firing synchrony of another far-removed set, perhaps in a different ampullae organ. While the different sets, composed of similar cells, would fire with about the same frequency, they would not fire in unison but with random phase differences.
However, if the firing rate of the afferent nerves serving ampullae on different sides of the fish are to be compared through a hard-wired vernier, as we consider later, the rates of sensory cells coupled to different ampullae, ampullae belonging to ampullae organs on different sides of the fish, must be synchronized. The mechanism sketched above where cells are coupled weakly with their near-neighbors cannot be expected to generate such a synchronism. However, we were able to show by direct computation that an endogenous signal clock or pacemaker that interacts with all of the sensory cells in two sets can force a global synchronism such that the two sets fire in unison.
One might argue that there are endogenous background signals that might reasonably be considered to affect each sensory cell. For example, the heartbeat of the fish will generate large electric field pulses that might well be detected by each sensory cell. However, such nonspecific signals will not necessarily lead to a synchronized sensory cell firing rate. In particular, we have examined a two cell system such that;
where (t) is white noise which acts coherently on each cell. We found no synchronism resulted from such conjoint noise. However, if the cells of two sets of cells, each firing with their internal local synchronism, are excited synchronously by a pacemaker clock which generates pulses that are approximately double the resting firing rate of the sensory cells, we find that the two sets will be forced into synchronism. We can express this condition as
where ␣ is the amplitude of the pulse that is transferred to the cell and t 0 ϭn/(2ϫ18) s, nϭ1,2,3,..., where the mean resting firing rate of the sensory cells is about 18 per second. By direct Monte Carlo calculations on two sets of 16 cells, we found a high rate of synchronism for ␣ϭ1.75ϫ10 Ϫ8 V s ͑which, for perspective, is about 0.0025 times the voltagetime integral, ͐⌬V dt, for a complete pulse͒. The synchronism of sets of coupled cells appears to be effected only if the period of the clock pulse is about equal to that of the pulse rate of the set, which is twice the rate of any individual cell. In particular, we did not find that a global synchronism resulted if the clock rate was that of the individual cells. Figure 7 shows the distribution of firing times of two sets of 16 cells, labeled here A and B, each coupled to its nearest neighbor and to a common spike; the spike is repeated at a frequency of about 40 spikes per second which is about equal to the firing rate of the set. In particular, the elapsed time between the pulses of each of the 16 elements, A n in set A (nϭ1,2, . . . ,16) and the previous firing times of an equivalently indexed cell, B n in the second set is plotted for all pulses that take place over a period of 0.25 s beginning two seconds after all cells began firing synchronously. At that time, each set of 16 organizes itself into two groups of 8 which fire alternatively. For convenience we label the two groups, 1-8, and 9-16.
The accumulated data for 18 trials shown in Fig. 7 show the synchrony between the two groups generated by the master clock. The two data classes in the figure illustrate the different synchronies of the sets as generated by chance. The open squares show the elapsed times when the set A 1 ϪA 8 fires approximately in synchrony with B 1 ϪB 8 and A 9 ϪA 16 fires in accord with B 9 ϪB 16 . For this circumstance, sometimes the sister cell fires a little earlier, hence the time difference is quite small, and sometimes the cell fires a little later and the relatively long time between that firing and the next firing of the associated cell in the first set is recorded. The solid points show the elapsed times when A 1 ϪA 8 fires in synchrony with B 9 ϪB 16 and A 9 ϪA 16 fires with B 1 ϪB 9 .
Each relation appears about one-half of the time.
Since the frequency of the common signal that generates an overall synchronization of the internally correlated pulses from two different sets of sensory cells is just that of the afferent nerves serving the sets, and twice the firing frequency of the individual cells, we considered the possibility that the ''clock'' which generates this global synchrony is generated by the ampullae sensory cells themselves. Indeed, a numerical simulation of the synchrony of two sets of 16 cells where each cell was coupled to its nearest neighbors as described before and further coupled, with 1/16th of that strength, to each member of the other set of 16, did demonstrate an overall synchronization. However, the two sets did not fire at the same time but their firing times differed by one-half of the period of each.
Hence if the sensory cells of different ampullae are to fire in synchronism, they must all listen to a master clock striking at a frequency about equal to the natural frequency of the sets of sensory cells, which is that of the afferent nerve servicing the cells in this model.
Extending our simple numerical calculations with two sets of 16 cells ͑where in each set, eight cells fire together alternatively with the other eight͒, we expect that, starting from disorganization, times as long as minutes would be required to generate a global synchronization of all cells in all ampullae. But that synchronization will be the normal state of the fish established over very long periods. Conversely, we suggest that an increase or decrease of the firing rate of a subset of cells will not be corrected in times shorter than a tenth of a second but, will be brought back into global synchronism in a few seconds at most.
VII. THE EXPLOITATION OF SMALL FREQUENCY DIFFERENCES: A VERNIER
Inspection of Fig. 6 shows that the firing rate, , of a single afferent nerve varies with a small incremental transmembrane voltage ⌬V m as ⌬ϭ⌬V m where Ϸ2 ͑ s V͒ Ϫ1 . ͑19͒
Hence for a voltage change of 0.25 V, a value near the sensitivity limit, the firing rate of an afferent nerve will change from Ϸ35 to 35.5 s
Ϫ1
. If that secondary nerve is fed by a number of primary afferent nerves, each serving Ϸ1000 sensory cells, the variance in the rate can well be appreciable less than the change, ⌬Ͻ0.5 s
, generated by the electrical field signal. Hence there will be sufficient information available in principle to allow the fish to make a decision based on that signal.
Parenthetically, we note that many channels in each cell respond coherently, hence the nominal threshold signal-tonoise ratio of S/NϭW/k B TϷ1/5000 or 1/15 000, for a signal that produces a transmembrane potential change of 0.5 V, is increased by a factor (M PQ) 1/2 where M is the number of open channels in the cell at low excitations, P is the number of sensory cells, and Q is the number of cycles over which the signal is integrated. For plausible values of these quantities, S/Nϭ1 can be achieved for the smallest external electric field signals that have been unambiguously detected.
But we find it unattractive that so small an absolute change in firing rates should lead to reliable changes in behavior. In particular, we cannot presume that the resting Ca ϩϩ influx and efflux mechanisms, very different in detail, will have the same temperature dependences. Such a temperature difference will generate changes in the firing rate of the same character as a change in the transmembrane potential of the apical membrane. Thus even as the exogenous electric field will generate a signal proportional to ⌬U/U, the same signal will be generated by a proportional change in temperature, dT/T. Hence the signal to a large fish from a 1 V/m exogenous field will be of the same magnitude as a change in temperature of about 0.5°C. Aside from changes in the temperature of the seawater, large fish such as the shark raise their body temperature much more than 0.5°C through the energy generated in the muscular activity that propels them through the water. And if the system is remarkably insensitive to temperature, other physiological factors can be expected to vary temporally.
However, for a fish subject to an electric field directed as suggested by Fig. 1 , the signal from the ampullae on the left side of the fish will be such as to increase the firing rate of the afferent nerves that serve those ampullae, while the firing rate from the nerves that serve the right-side ampullae will be reduced. We show in a ''toy model'' how such a differential variance can be exploited by the fish through anticoincidence nerve circuitry outside of the central nervous system to send an unambiguous signal to that central system telling the fish that there is a field present and that the field is directed to the left or right.
In this suggestive model, the afferent nerves from each side of the fish connect to nerve fibers that lead to the sensory nerve system as suggested by Fig. 8 . Here the dendrite leads from ampullae sensory cells on the left-hand side of the fish connect to the nerve fiber that signals ''field directed to the right'' through a synapse that generates a neuroexcitor while the dendrite fiber from those cells that connects to the fiber that signals, ''field directed to the left'' generates a neuroinhibitor. ͑The difference between excitation and inhibition may also be governed by the character of the recipient part of the synapse circuit.͒ Thus when the field is directed from right-to-left, as shown in Fig. 1 , the signals from the left-hand ampullae are emitted sooner than the signals from the left-hand ampullae. The neuroexcitor reaches the right-signaling fiber before the neuroinhibitor and a pulse is generated in that fiber. However, the neuroinhibitor reaches the left-signaling fiber before the neuroexcitor and no signal appears in that fiber. Without extensive signal processing in the central nervous system, the fish can use this simple anticoincidence circuit to reach a definite conclusion that the electric field runs from right to left.
If the neuron circuits only check the left-right direction of the electric field for a fish oriented as in Fig. 1 , the fish will be insensitive to vertical fields. Since the ampullae extend above and below the center line of the fish, a somewhat reduced up-down sensitivity is also plausible. It is more difficult to use the ampullae to detect signals along the axis of the fish and there may be blind areas, especially to the rear of the fish.
Common mode rejection. While the sensory system is designed to respond to differences of less than 0.5 V across the apical portion of the sensory cell membranes, that system must be insensitive to the electric fields of the order of E int ϭ10 mV/m generated by the muscular and nervous activity of the living animal, some of which, such as that generated by the heartbeat of the fish and by certain swimming motions, will be generated at the low frequencies where the sensory system is maximally sensitive. From dimensional considerations, the characteristic transmembrane potential produced by such fields might be as large as ⌬V m ϷE int
•r cell , where r cell is the radius of the sensory cell. Thus for large sensory cells larger than we have postulated, with r cell Ϸ100 m, ⌬V m Ϸ1 V and the interior fields could interfere with the sensory detection.
However, the fish could be designed so as to minimize the distracting internal fields and that design could exploit the natural common mode rejection of the ampullae information transfer system inherent in the differential system described above. If the simultaneous reception of neuroinhibitor and neuroexcitor by the afferent nerve leading to the central nervous system in that model results in a suppression of the signal, those common mode fields generated internally that affect oppositely situated ampullae systems will be equally suppressed.
VIII. HUMAN SENSITIVITY TO WEAK FIELDS
Sensory systems, honed by evolutionary forces to near optimum sensitivities are usually very efficient. 22 We can see a few photons ͑perhaps one͒, we can hear at the limit of thermal agitation, and we can smell a few molecules ͑per-haps one͒. It is reasonable to assume that the shark's Ampullae of Lorenzini, designed to detect the very weak electrical FIG. 8 . Diagrams showing the functioning of a ''toy model'' of a system that suggests a mode of transforming the small differences between the firing rates of elasmobranchs ampullae systems on opposite sides of the animal to definite signals that are passed on to the central nervous system of the animal. We presume that the simultaneous delivery of the excitor and inhibitor neurotransmitter inhibits the transmission of the signal. fields generated by prey fish, and thus an asset in the shark's feeding, may operate at a sensitivity near the limit set by fundamental physical and physiological constraints. It then seems reasonable that the sensitivity of the mechanisms responsible for the shark's purposeful and useful detection of electric fields would serve as a guide to the limits of sensitivity of humans who do not have such systems, to 50-60 Hz electric fields that might accidentally have some biological effect. For internal fields in humans of 1 mV/m, a limit suggested by our previous theoretical conclusions, the transmembrane voltage for even quite large cells, with rϭ10 Ϫ4 m, will only be about 0.1 V. This is hardly enough to generate a significant change in firing rate of even the special ampullae cells of the elasmobranchs. And the elasmobranch cells that are sensitive to small fields are necessarily asymmetric and oriented to exploit the asymmetry in potential between the interior and exterior of the animal. This should tell us that humans, who do not have sensory organs that extend for tens of centimeters between regions of different potential, or special sensory organization that accomplishes the integration of signals from a very large number of sensory cells, cannot be expected to be sensitive to internal electric fields less than 1 mV/m.
Highly sensitive vernier systems in humans. While humans cannot be expected to be nearly as sensitive as the elasmobranchs to very weak electric fields through effects on voltage gated membrane channels, the sensitivity of humans to small temperature changes in the skin appears to be equally subtle. In the case of the detection of electric fields by the fish, very small differences in ϭU/k B T are detected that follow from a change ⌬U such that d/Ϸ1/5000. But humans can detect temperature changes, ⌬TϷ0.02 K. [23] [24] [25] [26] If that sensitivity follows from changes in a voltage-gated channel ͑or from changes in an Arrhenius factor in a chemical rate constant͒, the relative change ⌬/ϭϪ⌬T/T Ϸ1/15 000. We note a vernier processing of hot-cold signals may play a role in the human reactions similar to that we have described for the electrosensitivity of the fish. In the skin, the firing rate of the afferent nerves that serve the warm receptors increases with temperature 4 while the firing rate of the nerves that serve the cold receptors increases as the temperature falls ͑or decreases as the temperature rises͒. And those firing rates are approximately equal at the neutral temperature where the sensory system is most sensitive. 27 Hence a comparative vernier mechanism such as that which we have suggested to account for the sensitivity of sharks to electric fields might play a role in the sensitivity of humans to small temperature changes in the skin.
